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Abstract  15 

The retina, behind the transparent optics of the eye, is the only neural tissue whose physiology and pathology 16 

can be non-invasively probed by optical microscopy. The aberrations intrinsic to the mouse eye, however, 17 

prevent high-resolution investigation of retinal structure and function in vivo. Optimizing the design of a two-18 

photon fluorescence microscope (2PFM) and sample preparation procedure, we found that adaptive optics 19 

(AO), by measuring and correcting ocular aberrations, is essential for resolving synapses and achieving three-20 

dimensional cellular resolution in the mouse retina in vivo. Applying AO-2PFM to longitudinal retinal 21 

imaging in transgenic models of retinal pathology, we characterized microvascular lesions and observed 22 

microglial migration in a proliferative vascular retinopathy model, and found Lidocaine to effectively 23 

suppress retinal ganglion cell hyperactivity in a retinal degeneration model. Tracking structural and 24 

functional changes at high resolution longitudinally, AO-2PFM enables microscopic investigations of retinal 25 

pathology and pharmacology for disease diagnosis and treatment in vivo.  26 

 27 

Introduction 28 

Retina is a layered tissue in the back of the eye that transduces light into electrochemical signals to be further 29 

processed by the brain for visual perception and cognition1. As one of the most energy-demanding tissues, 30 
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the retina is metabolically sustained by an intricate vasculature with several laminar plexuses2. Vascular and 31 

neuronal abnormalities in the retina are associated with both ocular3 and systemic diseases4–6, underscoring 32 

the importance of studying retinal pathology and pharmacology.  33 

    With well-developed genetics and similar physiology to the human retina, mouse models have been widely 34 

utilized for mechanistical studies of retinal diseases. Behind highly transparent mouse eye optics (i.e., cornea 35 

and crystalline lens), the retina is uniquely accessible to light and the only part of the nervous system that can 36 

be probed non-invasively by optical imaging. Recent advances in mouse genetics have enabled fluorescence 37 

microscopy investigations of vasculature7 as well as neurons and glial cells8–10 of the mouse retina. Among 38 

fluorescence microscopy techniques, two-photon fluorescence microscopy (2PFM)11 utilizing near-infrared 39 

(NIR) excitation is particularly suited for retinal imaging. Its intrinsic optical sectioning capability permits 40 

depth-resolved three-dimensional (3D) imaging throughout the retina. With the retinal photoreceptors 41 

minimally responsive to NIR light, 2PFM is also an ideal tool for functional studies of retina12,13. However, 42 

as a far-from-perfect imaging system, the optics of the mouse eye introduce severe aberrations to the NIR 43 

excitation light, preventing high-resolution visualization of subcellular features in vivo. As a result, the vast 44 

majority of microscopy studies have been carried out ex vivo on dissected retinas, preventing longitudinal 45 

investigations of retinal pathology under physiological conditions.   46 

    Adaptive optics (AO) is a collection of technologies that actively measure and correct for optical 47 

aberrations14, and has been applied to optical microscopy for high-resolution imaging of neural tissues15,16. 48 

It has also been combined with ophthalmological imaging modalities to restore diffraction-limited imaging 49 

performance for the human retina17,18. Because of the severe aberrations of the mouse eye, AO has also been 50 

applied to in vivo imaging of the mouse retina19–26. However, there are disagreements in the reported spatial 51 

resolutions19–26, characteristics and magnitude of aberration19–21,24–26, and the effectiveness of AO20,21,24–26. 52 

For example, whereas previous papers reported cellular resolution without AO, a recent AO-2PFM study26 53 

reported extremely large aberrations in the mouse eye and found AO to be required in order to resolve 54 

microvasculature and cell bodies in 2D in vivo. These discrepancies have led to uncertainty over the imaging 55 
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performance achievable with conventional 2PFM and the necessity of AO for microvascular and cellular 56 

investigations of retinal physiology. Together with a lack of detailed imaging protocols, they have prevented 57 

the routine application of AO-2PFM to disease diagnosis and therapeutic intervention in the retina of mouse 58 

models of ocular, cerebral, and systemic diseases.  59 

    The aims of this work are to provide a resource for in vivo retinal imaging using 2PFM, by optimizing the 60 

design of a 2PFM for in vivo imaging of the mouse retina, characterizing mouse ocular aberration, developing 61 

a guideline for adaptive optical 2PFM (AO-2PFM) imaging, and demonstrating its applications to retinal 62 

pathology and pharmacology. Using a carefully engineered 2PFM and following an optimized sample 63 

preparation procedure, we were able to achieve two-dimensional (2D) cellular resolution imaging 64 

performance in the mouse retina without AO. For synaptic, subcellular, and three-dimensional (3D) cellular 65 

resolution imaging of the mouse retina, AO was essential in improving image brightness, contrast, and 66 

resolution. Testing the performance of AO-2PFM in various transgenic mouse lines, we proposed strategies 67 

to maximize its impact on image quality improvement. We extended the application of AO-2PFM to mouse 68 

retinal pathology and pharmacology by imaging the retinas of two transgenic models with proliferative 69 

vascular retinopathy and retinal degeneration, respectively. In our model of proliferative vascular retinopathy, 70 

AO enabled us to, for the first time, characterize retinal vascular lesions with sub-capillary details over 71 

multiple days and track microglial migration in vivo. In our model of retinal degeneration, AO allowed high-72 

fidelity interrogation of pharmacologically modified hyperactivity of retinal ganglion cells (RGCs), 73 

indicating AO-2PFM as a promising tool evaluating retinal pharmacology in vivo. Together, by 74 

systematically optimizing and applying AO-2PFM to in vivo mouse retinal imaging, our work represents an 75 

important advancement in enabling high-resolution longitudinal studies of retinal pathology and 76 

pharmacology for disease diagnosis and treatment.  77 

 78 

Results 79 

Optimized AO-2PFM for in vivo mouse retinal imaging   80 
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A home-built 2-photon fluorescence microscope equipped with a segmented deformable mirror (DM) and a 81 

Shack-Hartmann (SH) sensor27 was modified for in vivo mouse retinal imaging by replacing the objective 82 

lens with an add-on eye imaging module26,28 (Fig. 1A, Materials and Methods). The module consisted of 83 

an electrically tunable lens (ETL) whose adaptive surface was conjugated to the DM, a turning mirror, and 84 

two lens groups (L7 and L8) that relayed the adaptive surface of the ETL to the pupil of the mouse eye. With 85 

this design, the optics of the mouse eye focused 920 nm light onto the retina to excite fluorescent markers 86 

and collected the emitted fluorescence for detection. The ETL allowed us to adjust the focal plane in the 87 

mouse eye without translating the mouse29 or optics30 in the imaging system. For all experiments, system 88 

aberrations in the 2-photon illumination path were measured with a modal AO method and corrected before 89 

image acquisition (Materials and Methods; “No AO” images: system aberration correction only). 90 

    To ensure optimal performance, we thoroughly characterized our AO-2PFM. We investigated how ETL 91 

current and mouse eye placement (with a longitudinal displacement of up to 4 mm in typical experiments) 92 

impacted imaging performance (Fig. S1). We found that aberrations introduced by the ETL at different 93 

control currents minimally affected image quality and that axial focal shift varied linearly with ETL current 94 

while field-of-view (FOV) size remained mostly constant. We also optimized sample preparation procedure. 95 

We discovered that a custom-designed 0-diopter contact lens (CL; design parameters in Fig. S2A) in 96 

combination with a single application of eye gel between the CL and the cornea reduced aberrations, 97 

prevented cataract formation, and improved wavefront sensing and imaging for hours (Fig. S2). 98 

    In order to achieve diffraction-limited imaging of the mouse retina in vivo, we measured and corrected 99 

ocular aberrations with a direct wavefront sensing method31,32, utilizing the SH sensor for wavefront 100 

measurement and the DM for wavefront correction (Fig. 1A). Briefly, a 3D-localized fluorescence ‘guide 101 

star’ was formed in the retina via 2-photon excitation and scanned over a user-defined 2D area with 102 

galvanometer scanning mirrors. The emitted fluorescence was collected and, after being descanned by the 103 

same pair of scanning mirrors, directed to the SH sensor. The now stationary fluorescence wavefront was 104 

segmented by a lenslet array and focused onto a camera, forming an SH image composed of an array of foci 105 
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(Fig. 1A, inset 1). Local phase slopes of wavefront segments were calculated from the displacements of the 106 

foci from those taken without aberrations. Assuming spatially continuous aberrations, we computationally 107 

reconstructed the wavefront from the phase slopes33. We then applied a corrective wavefront, opposite to the 108 

measured aberrations, to the DM by controlling the tip, tilt, and piston of each segment (Fig. 1A, inset 2) so 109 

that mouse ocular aberrations could be canceled out, ensuring diffraction-limited focusing of the 2-photon 110 

excitation light on the mouse retina.  111 

All in vivo imaging experiments were conducted in anesthetized mice with dilated pupil (Materials and 112 

Methods). In most experiments, an area of 19 × 19 µm2 of the retina was scanned for 3-10 seconds for 113 

wavefront sensing. To estimate the spatial resolution of our AO-2PFM for in vivo mouse retinal imaging, we 114 

Figure 1. AO-2PFM for diffraction-limited imaging of the mouse retina in vivo. (A) Schematics of AO-2PFM. Inset 

1: direct wavefront measurement by a Shack-Hartmann (SH) sensor composed of a lenslet array and a camera. Inset 2: 

wavefront correction with a deformable mirror composed of 163 segments with piston, tip, and tilt controls. Grey dashed 

box: eye imaging module. Bottom: 3D assembly of eye imaging module. L, lens; D, dichroic mirror; DM, deformable 

mirror; PMT, photomultiplier tube; ETL, electrically tunable lens. (B) Maximum intensity projections (MIPs) of image 

stacks (72 × 72 × 25 µm3) of RGC axons measured without and with AO, respectively, normalized to AO image. Insets: 

kXkY spatial frequency representation of the images and corrective wavefront. (C) MIPs of image stacks (132 × 97 × 32 

µm3) of fine RGC processes measured without and with AO, respectively, normalized to AO image. ‘No AO’ image 

brightness artificially increased by 10.6× for better visualization. White arrowheads: synaptic structures. Inset: corrective 

wavefront. Bottom: i: lateral signal profiles along white dashed line; ii: axial signal profiles of process ii (white arrow). 

Representative data from > 3 experiments (technical replicates). 
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imaged Thy1-GFP line M transgenic mice that had green fluorescent protein (GFP) expressed in a subset of 115 

RGCs34. The image taken without AO showed dim and distorted RGC axons; after aberration correction, we 116 

achieved an 8.6× increase in signal and proper visualization of the fine RGC axons (Fig. 1B). The spatial 117 

frequency space representations of the images indicated that AO enhanced the ability of the imaging system 118 

to acquire higher resolution information and led to a lateral resolution that was better than ~0.8 µm (Fig. 1B, 119 

insets). For some thin RGC processes (Fig. 1C), restoring diffraction-limited resolution led to an increase in 120 

signal (by 10.6×) and contrast (Fig. 1C, i), and, for the first time, enabled in vivo 2PFM visualization of 121 

synaptic structures in the mouse retina (Fig. 1C, white arrows). From the axial profile of a thin process (Fig. 122 

1C, ii), we estimated the axial resolution after AO correction to be 6.7 µm. Both the lateral and axial 123 

resolution estimations were close to the theoretical diffraction-limited resolution for a fully-dilated mouse 124 

eye with 0.49 numerical aperture35. 125 

AO improves in vivo imaging of retinal vasculature 126 

Retinal vasculature supports the physiological functions of the retina. Retinal vascular diseases can lead to 127 

vision loss. Abnormalities in retinal vasculature morphology and physiology serve as important biomarkers 128 

for various cerebral and systemic diseases36–39. Therefore, in vivo characterization of retinal vasculature, 129 

especially at the microvasculature level, is of great physiological and clinical importance. Utilizing either 130 

confocal microscopy20,25 or 2PFM26,40,41, previous publications have achieved in vivo visualization of retinal 131 

microvasculature through either full correction of the mouse eye aberrations20,25,26, partial correction of the 132 

anterior optics of the mouse eye41, or stringent selection of imaging lenses40. These prior demonstration-of-133 

principle experiments suggest that in order to image retinal microvasculature in vivo, mouse eye aberrations 134 

need to be corrected, either fully or partially. With our optimized imaging system, we aimed to determine 135 

whether aberration correction was indeed essential for visualizing microvasculature. Furthermore, we 136 

proceeded to systematically characterize the spatial dependence of mouse eye aberrations and how large a 137 

FOV can benefit from a single AO correction. 138 
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To verify the necessity of AO in resolving mouse retinal microvasculature and characterize mouse eye 139 

induced aberrations, we performed in vivo 2PFM angiography by retro-orbitally injecting dextran-conjugated 140 

fluorescein isothiocyanate (FITC) into the non-imaged eye. Aberrations were measured with fluorescence 141 

emitted from vessels in the superficial plexus (red asterisk, Fig. 2A; wavefront sensing area: 19 × 19 µm2). 142 

After AO correction, we observed a 2-10× enhancement in signal (Fig. 2B,C). Comparing the line signal 143 

profiles (along the orange dashed lines, Fig. 2A,B), we found that AO improved signal for all vessels while 144 

its impact on signal of smaller capillaries (Fig. 2C, black asterisks; 6-10× improvement) was more substantial 145 

than on larger vessels (Fig. 2C, black circles; 2-3× improvement). Despite the substantial signal 146 

improvements enabled by AO, we found that most capillaries, due to their size and sparse distribution in 147 

space, could be resolved in 3D without AO by our optimized 2PFM, albeit at reduced contrast and resolution 148 

Figure 2. In vivo imaging of mouse retinal vasculature with AO-2PFM. (A,B) MIPs of image stacks (580 × 580 × 

128 µm3) of vasculature measured (A) without and (B) with AO, respectively, normalized to AO image. Red asterisk: 

center of 19 × 19 µm2 wavefront sensing (WS) area. Gamma correction: 0.7. Representative data from > 25 experiments 

(technical replicates). (C) Lateral line profiles along orange dashed lines in A and B. Black circles: large vessels; black 

asterisks: capillaries. (D) Single image planes at 0, 23, 40, and 53 µm below the superficial vascular plexus acquired 

without and with AO correction performed at the superficial plexus (0 µm), normalized to AO images. (E) Axial profiles 

of capillary structures (i-iv in D). Red dashed lines: depth of wavefront sensing area. (F) Left: MIPs of image stacks (580 

× 580 × 110 µm3) acquired with WS performed at different locations in the FOV (red asterisks). Middle: AO/No AO 

pixel ratio maps. Right: radially averaged profiles of pixel ratio maps, centered at WS sites. Insets: corrective wavefronts. 

MIPs and pixel ratio maps individually normalized.  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 23, 2022. ; https://doi.org/10.1101/2022.11.23.517628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.23.517628
http://creativecommons.org/licenses/by/4.0/


8 
 

(Fig. 2D,E). Our results indicate that a properly designed 2PFM is capable of acquiring retinal angiograms 149 

at the level of individual capillaries.   150 

We further evaluated how the mouse ocular aberrations varied with imaging depth and field position. We 151 

found that AO performed at the superficial plexus was beneficial for imaging deeper layers, with the 152 

correction at superficial depth improving signal, resolution, and contrast of deeper vasculature (Figs. 2D,E). 153 

This result indicated that most aberrations of the mouse eye arose from cornea and crystalline lens, instead 154 

of retina. Because the crystalline lens of the mouse eye has a gradient refractive index distribution42,43, ocular 155 

aberrations should also be field dependent44,45. Field-dependent aberrations might also be introduced when 156 

the mouse eye was positioned off-axis with respect to the eye imaging module. We therefore examined how 157 

aberrations varied with FOV position and characterized the area within which a single correction led to 158 

substantial signal improvement. We performed AO at different locations of the superficial plexus in the FOV 159 

(Fig. 2F, left column, red asterisks; Supplementary Movie 1) and compared their performance. The “AO/No 160 

AO” pixel ratio maps (Fig. 2F, middle column) exhibited field-dependent signal increase with larger gain 161 

achieved at pixels closer to the locations of aberration measurements. We quantified the effective area of AO 162 

in terms of signal improvement by calculating the radially averaged profiles of these pixel ratio maps (Fig. 163 

2F, right column; origins at the wavefront sensing locations). We found signal improvement (“AO/No AO” 164 

pixel ratio ≥ 1) within a radius of ~216 µm when AO was performed at the FOV center of this mouse (Fig. 165 

2F, [1]). For off-center locations, this radius was slightly smaller (Fig. 2F, [2] and [3]).  166 

AO enables 3D cellular resolution imaging of neurons in the mouse retina 167 

The mouse retina consists of multiple layers of neurons with different cell types and distinct physiological 168 

properties. In the early stage of retinal diseases, abnormal morphology and function are usually confined to 169 

specific cell types within a single layer46. Therefore, for microscopic investigations of retinal physiology and 170 

pathology, it is essential to resolve cells in 3D. We evaluated whether our optimized 2PFM was capable of 171 

3D cellular resolution imaging without correcting the severe aberrations of the mouse eye.  172 
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For this purpose, we imaged the densely fluorescent Thy1-YFP-16 mouse retina in vivo, where all bipolar 173 

cells, amacrine cells, and retinal ganglion cells were labeled with yellow fluorescence protein34 (YFP). A 174 

single AO correction acquired by scanning a 19 × 19 µm2 area (centered on the red asterisk in Fig. 3A) 175 

Figure 3. In vivo imaging of mouse retinal neurons with AO-2PFM. (A,B) MIPs of image stacks (580 × 580 × 80 

µm3) of a Thy1-YFP-16 retina, measured (A) without and (B) with AO, respectively, normalized to AO images. Red 

asterisk: center of a 19 × 19 µm2 WS area. Top: lateral (XY) MIPs. Bottom: axial (XZ) MIPs; ‘No AO’ image brightness 

artificially increased by 2.9× for visualization. Representative data from > 10 experiments (technical replicates). (C,D) 

kXkY and kXkZ spatial frequency representation of images in (A,B). (E) Images of different retinal layers within the red 

dashed box in A acquired (top) without and (bottom) with AO, respectively, normalized to AO images. INL: inner nuclear 

layer; IPL: inner plexiform layer; GCL: ganglion cell layer. INL/GCL: MIPs of 4.9/7.8-µm-thick image stacks; IPL: 

single image plane. ‘No AO’ image brightness artificially increased for visualization (gains shown in each image). (F) 

Single image planes in GCL at FOV edge (blue dashed box in A) acquired (top) without AO, (middle) with central AO 

(WS area centered at red asterisk in A), and (bottom) with local AO (WS area centered at blue asterisk in A), respectively. 

Images normalized to local AO image. ‘No AO’ image brightness artificially increased by 2.5× for visualization. (G) 

AO/No AO pixel ratio map. (H) Radially averaged profile of pixel ratio map, centered at red asterisk in A.  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 23, 2022. ; https://doi.org/10.1101/2022.11.23.517628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.23.517628
http://creativecommons.org/licenses/by/4.0/


10 
 

substantially improved signal and resolution (Fig. 3A,B; Supplementary Movie 2), recovering higher spatial 176 

frequency information in both lateral and axial images (Fig. 3C,D). The resolution enhancement was 177 

especially striking along the axial direction, allowing retinal layers to be more clearly differentiated by better 178 

resolving neurons at different depths (Fig. 3A,B, XZ images). This improvement in axial resolution is 179 

especially important for functional imaging, because it minimizes neuropil contamination and ensures 180 

accurate characterization of the functional properties of neurons47–49. Therefore, AO was necessary for 3D 181 

cellular resolution imaging of retinal neurons in vivo. In the lateral image planes, our optimized 2PFM design 182 

and mouse preparation allowed the identification of individual neurons without AO, albeit at lower signal 183 

and poorer resolution than those achieved with AO, for inner nuclear layer, inner plexiform layer, and 184 

ganglion cell layer (Fig. 3E). In contrast, subcellular processes could not be visualized without aberration 185 

correction (e.g., processes in the inner plexiform layer, Fig. 3E, middle column).  186 

Similar to our vascular imaging results, the Thy1-YFP-16 mouse eye exhibited field-dependent aberrations. 187 

For areas away from the AO measurement location (e.g., blue dashed box in Fig. 3A), although resolution 188 

improvement remained, the correction acquired at the FOV center (Fig. 3F, Central AO) did not increase 189 

signal strength as much as the locally acquired correction (centered on the blue asterisk in Fig. 3A; Fig. 3F, 190 

Local AO). For the Thy1-YFP-16 mouse, the effective area of AO performed at the FOV center was estimated 191 

from the “AO/No AO” ratio map (Fig. 3G) to have a radius of ~185 µm (Fig. 3H). 192 

Strategy for enlarging the effective area of AO correction for 3D cellular resolution imaging 193 

Imaging retinal vascular and neuronal structures, we found that the spatially-varying aberrations of the mouse 194 

eye limited the effective area for AO correction that was acquired by sensing wavefront from a small region 195 

of the retina (e.g., 19 × 19 µm2 for Figs. 1-3). Although this approach succeeded in resolving synaptic features 196 

(Fig. 1C) and neuronal processes (Fig. 3E,F), for applications requiring 3D neuronal population imaging, 197 

synaptic resolution can be sacrificed in favor of cellular resolution imaging capability over larger FOVs. The 198 
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latter can be achieved by correcting only for global mouse eye aberrations measured by scanning a larger 199 

retinal region for wavefront sensing.  200 

As a demonstration, for a 580 × 580 µm2 FOV, we measured aberrations from areas of 19 × 19, 95 × 95, 201 

190 × 190, and 380 × 380 µm2 (Fig. 4A, i-iv, yellow dashed boxes) and obtained differing corrective 202 

wavefronts resulting from the spatially varying aberrations. Quantifying and comparing AO effectiveness by 203 

their “AO/No AO” pixel ratio maps (Fig. 4A), we found that correcting aberrations from smaller areas 204 

provided greater local signal improvement but exhibited faster decay in signal improvement over distance 205 

(Fig. 4B, i, ii). This was because the corrective wavefront acquired from a small FOV completely cancelled 206 

out the local aberrations and led to diffraction-limited imaging of local structures. For structures away from 207 

the wavefront sensing region and thus experiencing different aberrations, however, the same corrective 208 

wavefront led to substantial residual aberrations that degraded AO performance. In contrast, correcting 209 

Figure 4. Larger WS areas enlarges the effective region of AO correction for 3D cellular resolution imaging. (A) 

Top: AO/NoAO pixel ratio maps for corrections with differently sized WS areas (yellow dashed boxes; i, 19 × 19 µm2; 

ii, 95 × 95 µm2; iii, 190 × 190 µm2; iv, 380 × 380 µm2). Bottom: (for [i]) corrective wavefront and (for [ii-iv]) difference 

in wavefronts between [ii-iv] corrective wavefronts and [i] corrective wavefront. (B) Radially averaged profiles of pixel 

ratio maps in (A). Insets: zoomed-in views of shaded areas. (C) Single image planes acquired (top) from INL and 

(bottom) GCL without and with AO using corrective wavefronts [i-iv], respectively. Insets: zoomed-in views of areas at 

FOV (a) center and (b,c) edge. All images normalized to AO images (AO [i] for inset a; AO [iv] for inset b,c). 
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aberrations from a larger area reduced signal improvement in the center of the area but enlarged the overall 210 

area within which signal was enhanced, which now extended over the entire imaging FOV (Fig. 4B, iii, iv). 211 

Here, the wavefront measured from scanning the guide star over a larger FOV averaged out the local 212 

variations and represented the wavefront distortions common to all field positions. As a result, even though 213 

the improvement at the center of the wavefront sensing area was not as large, by removing the common 214 

aberrations from the entire FOV, this approach led to a larger effective area for AO correction.  215 

Importantly, this approach enabled large-scale imaging of the retina with 3D cellular resolution, as 216 

indicated by retinal cell images taken from the center and edge locations (Fig. 4C). A more localized 217 

wavefront correction (e.g., AO [i], Fig. 4C) gave rise to sharper images at the scanning center (Fig. 4C, insets 218 

a), while a more global wavefront measurement (e.g., AO [iv], Fig. 4C) benefited more the visualization of 219 

neurons towards the edge of the FOV (Fig. 4C, insets b and c). Moreover, with global corrections, neuronal 220 

images at the center of the area maintained cellular resolution despite reduction in signal gain (Fig. 4C, insets 221 

a). Our results suggest that for diffraction-limited imaging of fine structures within a small FOV, a localized 222 

wavefront measurement is required, whereas a global wavefront measurement is preferable for 3D cellular 223 

resolution imaging over large FOVs.   224 

 225 

High-resolution in vivo identification of abnormal capillaries in a pathological mouse model 226 

Having demonstrated the effectiveness of our AO-2PFM in improving signal, contrast, and spatial resolution 227 

for in vivo retinal imaging, we utilized our system to study retinal microvascular pathology. Retinal 228 

angiomatous proliferation (RAP), a subtype of age-related macular degeneration, is characterized by capillary 229 

proliferation that originates from the sensory retina and extends into the subretinal space50. Replicating the 230 

characteristic phenotypes of human RAP, a transgenic mouse model, the very low-density lipoprotein 231 

receptor knockout (VLDLR-KO) mouse, has been employed to study the underlying mechanism of RAP. In 232 

this model, the gene encoding VLDLR, which mediates anti-angiogenic signaling in retinal vasculature, is 233 

knocked out, leading to overgrown intraretinal vasculature and subretinal neovascularization51,52. In addition, 234 
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fluorescein angiography revealed that the VLDLR-KO model of proliferative vascular retinopathy has 235 

extensive focal vascular leakage51–54. However, the lack of sufficient spatial resolution and optical sectioning 236 

capability makes it challenging for fluorescence angiography to identify the 3D location and characterize the 237 

structure of the vascular lesions in vivo.  238 

We utilized AO-2PFM to image in vivo the retina of VLDLR-KO/Sca1-GFP and their wildtype control 239 

WT/Sca1-GFP mice, both with vascular endothelial cells in the retina labeled with GFP54. In order to detect 240 

microscopic capillary pathology, we used 19 × 19 µm2 wavefront sensing area to achieve diffraction-limited 241 

imaging performance, which led to high-resolution images of endothelial cell linings of retinal vessels in 242 

both mouse lines (Figs. 5A,B). Interestingly, in the VLDLR-KO/Sca1-GFP retina, images acquired with AO 243 

revealed a disruption in the capillary endothelium by Sca1-GFP labeling (Fig. 5A, yellow asterisks, insets i-244 

ii; Supplementary Movie 3), which were not observed in the WT/Sca1-GFP retina (Fig. 5B). We further 245 

confirmed the presence of such microvascular lesions using ex vivo 2PFM imaging of dissected VLDLR-246 

KO/Sca1-GFP retinas (Fig. S3A,C; Supplementary Movie 4). Whereas similarly structured capillary 247 

disruptions were observed in the VLDLR-KO/Sca1-GFP retina, consistent with the in vivo investigation, 248 

capillaries in the wildtype control had normal structures (Fig. S3B,D; Supplementary Movie 5) .  249 

We hypothesized that these lesions as capillary disruptions observed in the VLDLR-KO/Sca1-GFP retina 250 

were the locations of dye leakage. To test this hypothesis, enabled by AO, we first located a microvascular 251 

lesion in a VLDLR-KO/Sca1-GFP mouse retina (Fig. 5C, orange box, inset). Then we retro-orbitally injected 252 

the green fluorescent dye FITC into the non-imaged eye, which labeled the blood plasma within the retinal 253 
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254 

Figure 5. In vivo vasculature imaging in pathological and healthy retinas. (A,B) Left: MIPs of image stacks of (A) 

VLDLR-KO/Sca1-GFP (580 × 580 × 94 µm3) and (B) WT/Sca1-GFP (520 × 520 × 120 µm3) mouse retinas, measured 

(arrow start) without and (arrow end) with AO. Asterisks: capillary disruptions. Insets: zoomed-in views individually 

normalized for better visualization. ‘No AO’ inset brightness artificially increased for visualization (gains shown in 

inset). (C) A single image plane of a VLDLR-KO/Sca1-GFP mouse retina before FITC injection. Inset: MIP of a zoomed-

in image stack (58 × 58 × 8.2 µm3) showing capillary lesion (orange box). (D) The same FOV in (C) after FITC injection. 

Dashed region: area with heightened fluorescence outside the vasculature. (E) MIP of an image stack (580 × 580 × 150 

µm3) of a WT/Sca1-GFP mouse retina after FITC injection. (F) Retinal images taken on (top) day 1, (middle) day 2, and 

(bottom) day 3 after Evans Blue (EB) injection. Left: near-infrared channel showing EB-labeled vasculature and tissue 

staining (MIP of a 580 × 580 × 166 µm3 volume). Middle: green channel showing GFP-labeled vasculature (single 

planes). Right: merged images. Insets: zoomed-in views of gray rectangles from the GFP images (single sections). (G) 

Microglia observed in EB-injected VLDLR-KO/Sca1-GFP mouse retina on day 3 near the lesion site (orange dashed box 

in F). Top: microglia imaged without and with AO. Middle: multiple microglia in the leaking region. Signal in the boxed 

region was artificially increased by 8.3× for visualization. Bottom: time-lapse images of the microglia in white dashed 

circle. All images are single planes. Wavefront sensing area: 19 × 19 µm2. In vivo data in this Figure were obtained from 

3 VLDLR-KO and 2 WT mice (biological replicates).   
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vasculature (Fig. 5D). Immediately after dye injection, we observed dye leakage around the lesion site (Fig. 255 

5D, orange dashed area). A control experiment was carried out by introducing FITC into the healthy 256 

WT/Sca1-GFP mouse retina retro-orbitally, where neither capillary disruptions nor dye leakage were 257 

observed (Fig. 5E).  258 

To further study the association between dye leakage and microvascular lesions, we injected the NIR dye 259 

Evans Blue (EB) into the retinal vasculature and performed dual-color 2-photon imaging of the VLDLR-KO 260 

retina. Similar to the experiments with FITC, we observed leakage in the knockout mouse retina, with EB 261 

persistently staining retinal tissue and the stained volume expanding over three days of consecutive imaging 262 

(Fig. 5F). We observed capillary lesions (Fig. 5F, insets) in the stained volume, suggesting a spatial 263 

correlation between dye leakage and capillary abnormalities. Moreover, on the third day, we observed 264 

microglia within the dye-stained retinal volume that did not show up in previous two days (Fig. 5G), 265 

suggesting that the leakage of EB triggered local immune response and recruited microglia to the impacted 266 

area. In addition, with AO-2PFM, we were able to track morphological changes in the processes of the same 267 

microglia at subcellular resolution (Fig. 5G, bottom). Control experiment in WT/Sca1-GFP retina showed 268 

local small-scale EB leakage (Fig. S4), probably resulting from normal remodeling of the retinal vasculature2. 269 

Our findings revealed, for the first time, the microscopic morphological details of vasculature lesions and 270 

suggested that these capillary disruptions served as intraretinal origins of vascular leakage in the VLDLR 271 

knockout mouse. Here AO was essential for 2PFM to achieve high-resolution identification and 272 

characterization of microvasculature lesions in vivo. Together with our optimized sample preparation, AO-273 

2PFM also allowed us to track these lesions, dye leakage, and associated immune response longitudinally, 274 

making it possible to investigate the development and progression of vasculature-associated diseases at 275 

subcellular resolution in vivo.   276 

 277 

High-resolution in vivo imaging of retinal pharmacology 278 
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With the 3D cellular resolution imaging capability enabled by AO-2PFM, we can now image the functional 279 

activity of retinal neurons with high fidelity in healthy or diseased retina in vivo using activity sensors such 280 

as the genetically encoded calcium indicator GCaMP6s55.   281 

     As a demonstration, we studied how pharmacological manipulation affects RGC activity in vivo in a 282 

mouse model of retinal degeneration. As the afferent neurons of the retina, RGCs deliver retinal circuit output 283 

to the rest of the brain and play a crucial role in visual perception. RGCs in the rd1 mouse, the oldest and 284 

most widely studied animal model of retinal degeneration56, become hyperactive after photoreceptor death 285 

caused by a mutation in the Pde6b gene57,58. Recent studies have suggested that RGC hyperactivity masks 286 

light-evoked signals initiated by surviving photoreceptors and impedes remaining light-elicited behaviors58,59. 287 

Studying RGC hyperactivity therefore is of great importance both for understanding the pathology of retinal 288 

degeneration and for developing pharmacological therapies60. However, RGC hyperactivity has been only 289 

studied ex vivo on dissected retinas58,60, preventing longitudinal evaluation of degeneration progression and 290 

therapeutic approaches.  291 

     Here we characterized RGC hyperactivity in vivo and studied the effect of Lidocaine, a use-dependent 292 

Na+ channel blocker, on alleviating hyperactivity of RGCs in the rd1-Thy1-GCaMP6s mouse using AO-293 

2PFM and calcium imaging. Because RGC hyperactivity is usually studied by ex vivo tools such as multi-294 

electrode array (MEA) or single cell electrophysiology recordings, to establish the calcium signature of RGC 295 
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296 

Figure 6. In vivo calcium imaging of Lidocaine-suppressed RGC hyperactivity in rd1-Thy1-GCaMP6s mouse 

retina. (A) Simultaneous cell-attached and 2PFM calcium recordings of a RGC before, during, and 45 mins after 

Lidocaine treatment. Representative data from > 3 cells. (B) Top: average intensity projections of ex vivo 2PFM images 

of RGCs in a dissected retina (i) before, (ii) right after, and (iii) 2 hours after Lidocaine treatment, normalized to the left 

image. Bottom: Ex vivo calcium dynamics of 6 RGCs therein. Representative data from > 3 retinas. (C) In vivo single 

image planes of RGCs acquired without and with AO, respectively, normalized to AO images. Insets: zoomed-in views 

and corrective wavefront; ‘No AO’ inset brightness artificially increased by 4.0× for visualization. Representative data 

from > 3 retinas. (D) In vivo calcium dynamics of 6 RGCs (i) before, (ii) right after, (iii) 30 minutes after, and (iv) 60 

minutes after Lidocaine treatment, respectively. Wavefront sensing area: 19 × 19 µm2. Representative data from 1 retina. 
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hyperactivity, we first carried out simultaneous cell-attached and ex vivo 2PFM calcium recordings of the 297 

same hyperactive alpha RGCs in a dissected rd1 mouse retina (Fig. 6A). Consistent with previous reports on 298 

ex vivo retina58–60, RGC hyperactivity was observed as high-frequency action potentials. In terms of calcium 299 

signaling (quantified as calcium response magnitude F/F, with F being baseline brightness and F being 300 

the difference from baseline brightness), hyperactivity measured ex vivo was correlated with a heightened 301 

F/F of the GCaMP6s-expressing soma. A temporally varying firing rate led to fluctuations in the F/F of 302 

its calcium signal. After ~20 seconds of 2% Lidocaine bath perfusion, spontaneous spiking from the RGC 303 

was largely suppressed with a F/F close to 0. After artificial cerebrospinal fluid (ACSF) washout, RGC 304 

hyperactivity partially recovered, which was associated with an increase of F/F magnitude. The observed 305 

time course and suppressive effect of Lidocaine application on RGC hyperactivity were consistent with ex 306 

vivo multi-electrode array (MEA) recordings (Fig. S5A,B). The characteristics of the corresponding calcium 307 

responses were also observed in 2-photon population imaging of multiple RGCs in dissected rd1 retina (Fig. 308 

6B), with the brightness and  F/F of the GCaMP6s-expressing neurons reduced by Lidocaine application 309 

and followed by partial or full recovery after washout.  310 

Having confirmed that RGC hyperactivity was associated with heighted calcium levels, we next performed 311 

AO-2PFM calcium imaging to directly study how Lidocaine affected RGC hyperactivity in vivo. Through 312 

the rd1-Thy1-GCaMP6s mouse eye, AO increased RGC brightness by on average 4× and enabled high-313 

resolution visualization of both RGC somata and their processes (Fig. 6C). The signal increase enabled by 314 

AO was particularly important for the rd1-Thy1-GCaMP6s mouse, because the RGCs here had dimmer 315 

fluorescence than the other lines that we investigated. For these RGCs, correcting the eye-induced aberration 316 

was essential for their visualization and high-fidelity functional investigations at cellular resolution in vivo. 317 

To maximize the fluorescence signal, we performed AO with a small (19 × 19 µm2) wavefront sensing area. 318 

Before injecting Lidocaine, we observed slow fluctuations in the brightness of GCaMP6s-expressing RGCs 319 

(Fig. 6D, i), similar to the slow dynamic events in RGC calcium traces measured ex vivo. One minute after 320 
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retro-orbital injection of Lidocaine into the non-imaged eye, hyperactivities from these cells were 321 

substantially inhibited for an hour as indicated by the reduction of RGC GCaMP6s fluorescence brightness 322 

(Fig. 6D, ii and iii). Imaging the same RGCs 60 mins after injection (Fig. 6D, iv), we detected partial to 323 

complete recovery of RGC brightness, consistent with our ex vivo recordings after washing out. Here, by 324 

studying the suppression effects of Lidocaine on RGC hyperactivity within living mice, we demonstrated 325 

that AO-2PFM can monitor the pathology and pharmacology of retinal diseases at high resolution in vivo.    326 

 327 

Discussion 328 

By optimizing optical design and sample preparation and using direct wavefront sensing AO to correct mouse 329 

eye aberrations, we demonstrated here the first in vivo visualization of retinal synaptic structures, the first in 330 

vivo identification of capillary lesions with sub-capillary details, and the first in vivo detection of RGC 331 

hyperactivity and its suppression by pharmacological reagents.   332 

    To image mouse retina in vivo with 2PFM, one can either utilize a standard objective lens19,40 or the mouse 333 

eye’s optics itself23,26 to focus the excitation light and collect the fluorescence emission. The former approach 334 

requires long-working-distance objective lenses and, more importantly, suffers from severe aberrations 335 

caused by the refractive power of the ocular optics (mostly crystalline lens, as cornea was typically flattened 336 

in these systems). For this reason, to achieve the best image quality and the largest FOV size, using mouse 337 

eye itself as the focusing element as implemented here is preferable.  338 

    Among the studies that used the mouse eye optics for imaging, discrepancies exist in how large the mouse 339 

ocular aberrations are and how essential AO is for vasculature and cellular imaging in the mouse retina. For 340 

the multiple mouse strains investigated here (i.e., wild-type (C57BL/6), Thy1-GFP line M, Thy1-YFP-16, 341 

VLDLR-KO/Sca1-GFP, WT/Sca1-GFP, and rd1-Thy1-GCaMP6s), we found that their ocular aberrations 342 

were typically within the range of 3~5 µm peak-to-valley (P-V; after removing tip, tilt, and defocus) and 343 

0.4~0.8 µm rms (Fig. S6) without notable differences in severity across strains. While consistent with most 344 

previously reported values21,25, our study differs significantly from a recent AO-2PFM study that reported 345 
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extremely large aberrations (e.g., 12-25 µm P-V26) and found it difficult to resolve microvasculature and cell 346 

bodies in 2D in vivo without AO. In contrast, with our carefully designed microscope and system aberration 347 

correction procedure, we achieved capillary visualization, 2D single-cell resolution, and retinal layer 348 

differentiation by only correcting system aberrations (‘No AO’ in our case). Given that our system aberrations 349 

were much smaller than mouse ocular aberrations (Fig. S6), our study indicated that a well-engineered 2PFM 350 

like ours should be sufficient for in vivo retinal imaging applications requiring only capillary and 2D cellular 351 

resolution. 352 

    One factor that strongly impacted image and wavefront sensing quality was the sample preparation 353 

procedure. We found that our specially designed 0-diopter contact lens encircled with a supportive flat base 354 

were essential for high-quality imaging by 2PFM both without and with AO (Fig. S2). Similar improvement 355 

in imaging quality by 0-diopter contact lens was reported previously for in vivo optical coherence tomography 356 

imaging of the rat retina, where it was hypothesized that the application of the contact lens smoothed corneal 357 

defects and reduced wavefront error of the anterior segment of the eye61. The supportive flat base encircling 358 

the optical zone of our contact lens62 and the gel completely separated the eye surface from air and prevented 359 

cataract formation. Together, they enabled high-quality SH images and accurate corrective wavefronts to be 360 

acquired throughout the experiment.  361 

    Incorporating direct-wavefront-sensing-based AO with 2PFM, we found that location-dependent 362 

aberrations led to local improvement in the mouse retina in vivo. To enlarge the high-resolution area enabled 363 

by AO, one way is to stitch images from smaller areas, each with its own local AO correction44,45,63. However, 364 

this procedure can be time-consuming and thus nonideal for in vivo functional studies. By scanning 365 

differently sized areas for wavefront sensing, we identified a trade-off between AO performance (i.e., 366 

resolution and signal enhancement) and effective area. We demonstrated that a single corrective wavefront 367 

acquired by scanning the guide star over a more extended area led to 3D cellular resolution imaging over a 368 

larger retinal volume, simplifying the procedure for future functional studies of neuronal populations in the 369 

retina. It is worth noting that, instead of incorporating scan lenses optimized for large scanning angles, our 370 
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homebuilt 2PFM system utilized regular achromatic doublet lenses, which reduced cost but limited the 371 

overall imaging FOV of our microscope. The effective AO area and imaging FOV would be further increased 372 

by incorporating high-performance scan lenses.  373 

    To study retinal pathologies for physiological and clinical insights, it is ideal to conduct longitudinal 374 

investigations in vivo. Importantly, to probe microscopic early-stage pathologies, high spatial resolution is 375 

needed. In human applications, investigation of retinal vascular abnormalities are limited to capillary 376 

resolution64,65. Sub-capillary morphology and dynamics of the mouse retina were recently observed by light-377 

sheet microscopy, however with ex vivo preparations66. To our knowledge, sub-capillary features had not 378 

been observed in the living mouse eye previously. In this work, applying AO-2PFM, we studied retinal 379 

vasculature in a pathological mouse model with proliferative vascular retinopathy at sub-capillary resolution 380 

in vivo. Recovering diffraction-limited resolution, AO enabled us to identify capillary lesions as capillary 381 

endothelium disruptions that were associated with dye leakage in 2-photon fluorescence angiograms. 382 

Moreover, the repeatable and reliable AO performance allowed us to track the same retinal region over 383 

multiple days and discover lesion-associated immune response and microglia migration at subcellular 384 

resolution. Our results show far-reaching potential of AO-2PFM for mechanistic understanding and early 385 

diagnosis of retinal diseases.  386 

    We also applied our AO-2PFM to in vivo activity imaging of RGCs in a mouse model of retinal 387 

degeneration. Due to the dimmer brightness of the fluorescence indicator in this model, AO was essential in 388 

increasing signal strength and enabling high-sensitivity interrogation of the effects of pharmacological 389 

manipulation on RGC hyperactivity. Traditionally, pharmacological effects on retina are studied by 390 

electrophysiological and imaging tools on ex vivo retinal preparation, or in vivo by indirect assessments 391 

downstream in the visual pathway or through behavior test59. Taking retinal degeneration as an example, 392 

treatment-induced photosensitization enhancement has been mainly evaluated through electrophysiology or 393 

ex vivo imaging of dissected retinas. AO-2PFM enabled us to evaluate how pathological RGC hyperactivity 394 

was suppressed by an example pharmacological agent, lidocaine, at single cell level noninvasively. Together 395 
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with the capability for longitudinal investigations discussed above, we envision that the AO-enabled high-396 

sensitivity subcellular and cellular 2PFM imaging would become a highly enabling technology for 397 

pathological and pharmacological investigations of the mouse retina in vivo.   398 

 399 

 400 

Materials and methods 401 

Animal use 402 

All animal experiments were conducted according to the National Institutes of Health guidelines for animal 403 

research. Procedures and protocols (AUP-2020-06-13343) were approved by the Institutional Animal Care 404 

and Use Committee at the University of California, Berkeley. 405 

 406 

AO two-photon fluorescence microscope (AO-2PFM) 407 

The AO-2PFM was built upon a homebuilt 2PFM (Fig. 1A) incorporated with a direct-wavefront-sensing-408 

based AO module, as described in detail previously27. Briefly, 920-nm output from a femtosecond 409 

Ti:Sapphire laser (Coherent, Chameleon Ultra II) was expanded (2×, Thorlabs, GBE02-B) after a Pockel Cell 410 

(ConOptics, 350-80-LA-02-BK). The beam was then scanned with a pair of optically conjugated (by L1-L2, 411 

FL = 85 mm; Edmund Optics, 49-359-INK) galvanometer mirrors (Cambridge Technology, 6215H). A pair 412 

of achromatic lenses (L3-L4, FL = 85 and 300 mm; Edmund Optics, 49-359-INK and 49-368-INK) relayed 413 

the galvos to the DM (Iris AO, PTT489). The focal plane position of two-photon excitation in the mouse 414 

retina was controlled by an electrically tunable lens (ETL; Optotune, EL-16-40-TC-VIS-5D-C), which was 415 

conjugated to the DM (by L5-L6, FL = 175 and 400 mm; Edmund Optics, 49-363-INK and Newport, 416 

PAC090). The ETL was then relayed to the pupil of the mouse eye by L7 (FL = 200; Thorlabs, AC254-200-417 

AB) and L8, which was composed of two identical lenses (FL = 50 mm; Thorlabs, AC254-050-AB). The 418 

two 50-mm-FL lenses in L8 were used together with a combined FL of 25 mm, and they were mounted with 419 

their curved surfaces facing and almost touching each other (Fig. S1A,D) to minimize aberrations during 420 
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large-angle scanning. For 2PFM imaging, the emitted fluorescence from the mouse retina was collected by 421 

the mouse eye, travelled through L8-L7 and the ETL, reflected by a dichroic mirror (D2; Semrock, Di02-422 

R785-25×36), focused by a lens (L9, FL = 75 mm; Thorlabs, LB1309-A), and detected by a photomultiplier 423 

tube (PMT, Hamamatsu, H7422-40). For direct wavefront sensing, D2 was moved out of the light path and 424 

the emitted fluorescence was descanned by the galvo pair, reflected by a dichroic mirror (D1; Semrock, Di03-425 

R785-t3-25×36), and relayed to a Shack-Hartmann (SH) sensor by a pair of lenses (L10-L11, FL = 60 and 426 

175 mm; Edmund Optics, 47-638-INK and 47-644-INK). The SH sensor was composed of a lenslet array 427 

(Advanced Microoptic System GmbH, APH-Q-P500-R21.1) and a camera (Hamamatsu, Orca Flash 4.0) that 428 

was placed at the focal plane of the lenslet array. Wavefront aberrations were measured from the shifts of SH 429 

pattern foci, reconstructed with custom MATLAB code, and the corresponding corrective pattern was then 430 

applied to the DM.  431 

 432 

System correction 433 

Before imaging the mouse retina, system aberration caused by imperfect and/or misaligned optics was 434 

corrected. Due to the path difference between the two-photon illumination and the fluorescence wavefront 435 

sensing paths67, system correction was performed with a modal-based optimization approach25,68. 436 

Specifically, with 0 mA applied to the ETL, we imaged a fluorescent lens tissue sample at the focal plane of 437 

L7 and applied 11 values (-0.1 ~ 0.1 µm rms at an increment of 0.02 µm) for each of the first 21 Zernike 438 

modes excluding piston, tip, tilt, and defocus. The optimal value for each Zernike mode was determined by 439 

maximizing the fluorescence intensity of the sample and it was applied to the DM before proceeding to the 440 

next Zernike mode. An SH pattern was obtained with system aberration corrected and was used as the SH 441 

reference for calculating sample-induced aberrations. All images taken with system correction were indicated 442 

in the main text as “No AO”.  443 

    To change the focal plane within the retina, we varied the electric current applied to the ETL. We 444 

characterized how system aberrations varied with the ETL current (Fig. S1). We carried out system correction 445 
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with 0 mA ETL current applied (Fig. S6A). Additional aberrations introduced by setting ETL current to 20, 446 

40, 60, and 80 mA were negligible (Fig. S1B) compared with eye-induced aberrations (Fig. S6) and 447 

minimally affected in vivo imaging (Fig. S1C). We also evaluated how system aberrations varied with the 448 

distance D between the mouse eye pupil and the imaging module (Fig. S1D). Using Zemax® for ray tracing, 449 

we found its effect to be similarly minimal (Fig. S1E). Our typical in vivo retinal imaging was performed 450 

with 10~60 mA of ETL currents and 2~4 mm D values (Fig. S1D). Simulating the mouse eye as an ideal lens 451 

behind a 0-diopter contact lens (Fig. S2A) made of PMMA (1.49 refractive index) and 0.5-mm-thick eye gel 452 

(1.33 refractive index), we calculated the focal shifts and FOVs for different ETL currents using Zemax® 453 

and found a linear focal shift with ETL current and relatively constant FOV during 3D imaging (Fig. S1F). 454 

Imaging FOV and axial shift were determined from Zemax® simulation for D = 2 mm. 455 

 456 

In vivo imaging 457 

All mice (Wild-type C57BL/6J and Thy1-YFP-16, the Jackson laboratory; VLDLR-KO/Sca1-GFP and 458 

WT/Sca1-GFP, Gong lab; GCaMP6s-rd1, Kramer lab) were at least 8 weeks old at the time of imaging. In 459 

vivo imaging was carried out on mice under isoflurane anesthesia (~ 1.0% by volume in O2). Prior to imaging, 460 

the mouse pupil was dilated with one drop of 2.5% phenylephrine hydrochloride (Paragon BioTeck, Inc) and 461 

one drop of 1% tropicamide (Akorn, Inc). A 0-diopter customized rigid contact lens (Fig. S2A, Advanced 462 

Vision Technologies) was placed on the eye, with eye gel (Genteal) applied in between the eye and the 463 

contact lens to prevent cornea drying and clouding. Excessive eye gel was removed by gently pressing the 464 

contact lens onto the mouse eyeball. One single application of eye gel was sufficient in keeping the cornea 465 

moist for a 2~4-hour imaging session. During imaging, mice were stabilized on a bite-bar on a 3D 466 

translational stage with two rotational degrees of freedom (Thorlabs, PR01) and the body temperature was 467 

maintained with a heating pad (Kent Scientific, RT-0515). The mouse head was carefully aligned to make 468 

the eye perpendicular to the illumination beam, minimizing off-axis aberrations and illumination clipping by 469 

the contact lens and mouse pupil. Fluorescent dyes were injected retro-orbitally into the non-imaged eye. In 470 
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wild-type mice, 40-80 µL of 5% (w/v) 2M-Da dextran-conjugated FITC was injected for vasculature 471 

visualization. In some VLDLR-KO/Sca1-GFP mice, 30-40 µL of 5 mg/mL FITC or 5 mg/mL Evans Blue 472 

were injected. To generate bright enough fluorescent guide star for direct wavefront sensing in the weakly-473 

fluorescent mouse line rd1-Thy1-GCaMP6s, 20-40 µL of 5 mg/mL Evans Blue was injected. To suppress 474 

RGC hyperactivity in rd1-Thy1-GCaMP6s mouse retina, we retro-orbitally injected 10 µL of 2% Lidocaine 475 

into the non-imaged eye.   476 

All imaging parameters, including laser power at the mouse pupil, are listed in Table S1. 477 

 478 

Retina dissection  479 

Mice were first euthanized by isoflurane overdose followed by cervical dislocation. Then the eyes were 480 

removed, and the retinas were isolated and immersed in standard oxygenated (95% O2, 5% CO2) artificial 481 

cerebrospinal fluid (ACSF) at room temperature and pH 7.2.  482 

 483 

Ex vivo 2-photon structural imaging of dissected Sca1-GFP mouse retinas 484 

A commercial 2-photon fluorescence microscope (Bergamo®, Thorlabs) was used to image dissected Sca1-485 

GFP mouse retinas (Fig. S3). 2-photon excitation at 920 nm was provided by a femto-second laser (Coherent, 486 

Chameleon Ultra II). Ex vivo images were acquired by a 16×0.8NA water-dipping objective lens (Nikon). 487 

Hardware controls and data acquisition were performed by ThorImage. 488 

 489 

Multielectrode array (MEA) recordings 490 

Isolated ex vivo rd1-Thy1-GCaMP6s retinas were cut into three pieces. Each piece was mounted onto a 60-491 

electrode MEA chip (60ThinMEA200/300iR0ITO, Multichannel Systems) with the inner retina facing the 492 

array, so that RGCs were in close contact with electrodes. The chip was connected to an amplifier (MEA1060, 493 

Multichannel Systems) for wide-band extracellular recording of multi-unit activity. Before the onset of 494 

recording, the retina was perfused with oxygenated ACSF at 34 °C for 30 min with a flowrate of 1 mL/min. 495 
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For pharmacological blockade of actional potentials, Lidocaine (2% in saline) was applied to the bath during 496 

corresponding recordings. Washout of lidocaine was performed by continuously perfusing oxygenated ACSF 497 

at 34ºC over the course of two hours with a flowrate of 1 mL/min. 498 

    Recorded activity from RGCs were high-pass filtered at 200 Hz, digitized at 20 kHz, and analyzed offline. 499 

Extracellular spikes were defined as transient signals with peak deflection of >3.5 standard deviations from 500 

the root mean square of background signal. Because individual electrodes can detect spikes from multiple 501 

RGCs, we utilized principal component analysis to sort unique units (Offline Sorter v3, Plexon), which 502 

accepted units having interspike intervals >1 ms. Each unit was compiled into a raster plot. The analysis code 503 

for processing sorted spike data into rasters is available online (https://github.com/kookstance/ 504 

Multielectrode-array). 505 

 506 

Cell attached recordings of alpha-RGCs in rd1-Thy1-GCaMP6s retinas 507 

Isolated ex vivo rd1-Thy1-GCaMP6s retinas were mounted onto filter paper (0.45 mm nitrocellulose 508 

membranes, MF-Millipore) with an optical window with the ganglion cell layer facing up. RGCs were 509 

visualized with DODT contrast infrared optics (Luigs and Neumann) and were targeted for whole cell 510 

recording with glass electrodes (4-6 MOhm) filled with ACSF. Loose- (< 1 GΩ) and tight-seal patches (> 1 511 

GΩ) were obtained under voltage clamp with the command voltage set to maintain an amplifier current of 0 512 

pA. Input resistance and series resistance were monitored throughout recording to ensure stable recording 513 

quality and cell health.  514 

 515 

Ex vivo 2-photon calcium imaging of rd1 mouse retina 516 

2-photon calcium imaging of rd1-Thy1-GCaMP6s retina was carried out on a custom galvo-scanning 517 

microscope (https://wiki.janelia.org/wiki/display/shareddesigns/Non-MIMMS+in+vivo+microscope) 518 

equipped with a 20× 1.0 NA water immersion objective (XLUMPLFLN20XW, Olympus). Excitation at 920 519 

nm was provided by a tunable Ti:Sapphire ultrafast laser (Chameleon Ultra, Coherent). Imaging parameters 520 
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were controlled by ScanImage 3.8.1 software (http://scanimage.vidriotechnologies.com/): 256×256 pixels at 521 

1.25 Hz (2 ms per line). GCaMP6s emission was collected with a GaAsP PMT shielded by a longpass filter 522 

(ET500lp, Chroma). 523 

    Isolated retinas were cut into four-leaf clovers and transferred onto filter paper (0.45 mm nitrocellulose 524 

membranes, MF-Millipore) with the ganglion cell layer facing up. Oxygenated ACSF was then perfused over 525 

the retina at 34ºC for 30 minutes with a flowrate of 1 mL/min. An initial imaging session performed to 526 

account for potential 2-photon sensitivity. Experimental imaging was performed with the laser power at the 527 

sample ≤ 5 mW. For pharmacological blockade of actional potentials, Lidocaine (2% in saline) was applied 528 

to the bath during corresponding recordings. Washout of lidocaine was performed by continuously perfusing 529 

oxygenated ACSF at 34ºC over the course of two hours with a flowrate of 1 mL/min. 530 

 531 

Image processing and analysis 532 

All image processing, visualization, and analysis were performed in ImageJ69. To remove motion-induced 533 

artifacts, image registration (TurboReg and StackReg plugins) was performed.  534 
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 698 

This file includes: 699 

Fig. S1. Characterization of aberrations introduced by ETL and alignment. 700 

Fig. S2. Contact lens and eye gel application improve image and wavefront sensing quality.  701 

Fig. S3. Ex vivo 2PFM imaging of dissected VLDLR-KO/Sca1-GFP and WT/Sca1-GFP mouse retinas. 702 

Fig. S4. In vivo AO-2PFM imaging of Evans Blue (EB) leakage in healthy retina.  703 

Fig. S5. Ex vivo multielectrode array (MEA) recordings of Lidocaine-modified RGC hyperactivity in rd1-Thy1-704 

GCaMP6s mouse retina.  705 

Fig. S6. Zernike decompositions and corrective wavefronts for all experiments. 706 

Table S1. Experimental settings for all experiments.  707 
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Other Supplementary Materials for this manuscript include the following: 708 

Supplementary Movie 1 709 

In vivo 2-photon image stacks of retinal vasculature in a wildtype mouse measured without and with AO performed at 710 

different locations in the field of view (red asterisks). Same data as shown in Fig. 2F. Image volume: 580 × 580 × 110 711 

µm3; Z step: 3.26 µm. 712 

Supplementary Movie 2 713 

In vivo 2-photon image stacks of retinal neurons in a Thy1-YFP-16 mouse measured without and with AO. Same data 714 

as shown in Fig. 3A,B,E. Image volume: 580 × 580 × 80 µm3 / 193 × 193 × 50 µm3; Z step: 1.63 / 0.98 µm. 715 

Supplementary Movie 3 716 

In vivo 2-photon image stacks of abnormal retinal capillaries in a VLDLR-KO/Sca1-GFP mouse measured without and 717 

with AO. Same data as shown in Fig. 5A. Image volume: 48 × 48 × 65 µm3; Z step: 3.26 µm.  718 

Supplementary Movie 4 719 

Ex vivo 2-photon image stacks of abnormal capillaries in dissected VLDLR-KO/Sca1-GFP mouse retinas. Same data 720 

as shown in Fig. S3A,C. Image volume: 1380 × 1380 × 82 µm3 / 78 × 78 × 82 µm3; Z step: 0.5 µm. 721 

Supplementary Movie 5 722 

Ex vivo 2-photon image stacks of normal capillaries in dissected WT/Sca1-GFP mouse retinas. Same data as shown in 723 

Fig. S3B,D. Image volume: 1380 × 1380 × 71 µm3 /78 × 78 × 71 µm3; Z step: 0.5 µm. 724 
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 725 

Figure S1. Characterization of aberrations introduced by ETL and alignment. (A) 3D rendering of the eye imaging 726 

module. (B) Additional corrective wavefronts for system aberrations measured with 0, 20, 40, 60, and 80 mA ETL currents, 727 

relative to the corrective wavefront measured with 0 ETL current. (C) MIPs of dye-injected retinal vasculature image stacks 728 

(550 × 550 × 127 µm3) measured with corresponding system corrections in (B). (D) Top: Zemax ray tracing of the eye 729 

imaging module. Bottom: illustration of mouse eye alignment (not to scale). D: distance between the mouse eye pupil and 730 

L8 focal plane. (E) Wavefront errors versus scanning angle (at the ETL) for different ETL currents with the mouse eye 731 

placed at D = 0 mm and D = 4 mm, respectively, obtained by ray tracing. (F) Relative focal shift and imaging FOV versus 732 

ETL current at different D values, obtained by ray tracing.  733 
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 735 

Figure S2. Contact lens and eye gel application improve image and wavefront sensing quality.  (A) Design of the 736 

customized contact lens (CL). (B) 2PFM single-plane images of (left) retinal vasculature and (right) retinal cells acquired (i) 737 

with CL and eye gel and (ii) without CL or eye gel. All images taken with system aberration correction and normalized to 738 

(i). WT: wildtype. (C) Shack-Hartmann (SH) sensor images acquired from the Thy1-YFP-16 mouse retina in (B), normalized 739 

to SH image in (i). Brightness of SH image in (ii) artificially increased by 1.5× for better visualization. 740 
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 742 

Figure S3. Ex vivo 2PFM imaging of dissected VLDLR-KO/Sca1-GFP and WT/Sca1-GFP mouse retinas. (A,B) Ex 743 

vivo MIPs of image stacks from (A) VLDLR-KO/Sca1-GFP (1380 × 1380 × 82 µm3) and (B) WT/Sca1-GFP (1380 × 1380 744 

× 71 µm3) mouse retinas. (C) Top: 3D projected view of an example capillary lesion (red arrow) displayed at viewing angles 745 

of 169˚ and 353˚, respectively. Bottom: MIPs of 6 more FOVs showing capillary disruptions (red arrows). Insets: single-746 

plane zoomed-in images. (D) Top: 3D projected view of an example normal capillary (blue arrow) displayed at viewing 747 

angles of 180˚ and 22˚, respectively. Bottom: MIPs of 6 more FOVs showing normal capillary structures (blue arrows). 748 

Insets: single-plane zoomed-in images. Image contrast was adjusted individually for better visualization. 749 

750 
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 751 

Figure S4. In vivo AO-2PFM imaging of Evans Blue (EB) leakage in healthy retina. (A-C) MIPs of image stacks of 752 

(580 × 580 × 130 µm3) WT/Sca1-GFP retina measured in the (A) near-infrared EB and (B) green GFP channels, and (C) 753 

merged images. (D-F) Single-plane images from (A-C) with 12.5 µm Z step. White dashed circles: EB leakage areas.  754 
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 756 

Figure S5. Ex vivo multielectrode array (MEA) recordings of Lidocaine-modified RGC hyperactivity in rd1-Thy1-757 

GCaMP6s mouse retina. (A) MEA setup for RGC spontaneous spike activity recording. Inset: illustration of retina 758 

placement relative to MEA. (B) Raster and average firing frequency plots of RGCs in dissected rd1 mouse retina (left) before 759 

and (middle) right after Lidocaine bath perfusion, and (right) 2 hours post washout, respectively.  760 

 761 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 23, 2022. ; https://doi.org/10.1101/2022.11.23.517628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.23.517628
http://creativecommons.org/licenses/by/4.0/


40 
 

 762 

Figure S6. Zernike decompositions and corrective wavefronts for all experiments. All corrective wavefronts and 763 

Zernike decompositions were calculated excluding piston, tip, tilt, and defocus.  764 

 765 
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Table S1. Experiment settings for all experiments.  767 

 768 
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